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Abstract 
Supercritical Water Oxidation (SCWO) process with oxidant multi-injection was studied in a continuous flow system 
where the same amount of oxidant feed is split between two points, a first injection at inlet of reactor and a second 
one located at three different positions along the reactor. At the same operation conditions, this multi-injection 
configuration presented advantages compared with those obtained with a single oxidant entry. Moreover, oxidant 
dosage in a SCWO reactor is a key aspect in energy management. 
In this work, experiments were performed to find the best oxidant dosage to obtain the maximum organic conversion 
and to improve the thermal control of the process. Experimental study have been carried out using two different 
feeds, N,N-Dimethylformamide (DMF) as a model compound for nitrogen containing hydrocarbons in wastewaters 
and Biocut 35® cutting fluid as an industrial organic wastewater. All experiments were carried out at 250 bar, an 
oxygen coefficient n = 1 and temperature between 400 ºC and 450 ºC. Each experiment was carried out at five 
different residence times (2, 4, 6, 8 and 10 seconds).   
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1. Introduction 
Supercritical Water Oxidation technology (SCWO) has been used efficiently over a wide variety of 
hazardous wastewaters. The main advantage of SCWO is that the by-products are nontoxic. In this 
process, organic matter is oxidized to give carbon dioxide, water and nitrogen, whereas mineral 
compounds are oxidized to mineral acids or oxides [1]. Moreover, that process allows the recovery of a 
significant proportion of the energy released by the exothermic oxidation reaction [2]. However, its 
industrial development has been less than expected due to technical problems. Several authors have 
studied new reactor concepts in order to avoid these problems when SCWO process is scaled-up [3]. In 
this work, a reactor with multi-injection of oxygen is tested. The oxidant effect distribution was studied by 
splitting the amount of oxidant into two injections. The objectives were (i) to avoid a rapid increase in the 
reactor temperature at the mixing point of wastewater and oxidant to above the reactor limit temperature 
and (ii) to promote different reaction pathways that improve the overall efficiency of the process [4]. 
Therefore, oxidant dosage in a SCWO reactor is a key aspect in energy management. 
An experimental study of SCWO with this system have been carried out using two different feeds: 
N,N-Dimethylformamide (DMF) and Biocut 35® cutting fluid. DMF is a widely used organic solvent, 
reagent and catalyst typically found in chemical industrial wastewaters so it is studied as a model 
compound for nitrogen containing hydrocarbons in wastewaters. In SCWO, complete destruction of the 
compounds with nitrogen is harder than that without it [5]. Incomplete oxidation of nitrogenous organic 
compounds in supercritical water generally leads to the formation of ammonia, whose elimination is the 
limiting step in the overall oxidation to N2 [6]. Literature examples on the destruction of ammonia with or 
without organics have indicated that due to its recalcitrant nature, very high temperatures (690°C) and 
long reaction times (>15 s) were required for complete destruction of ammonia [7].  
Whereas, Biocut 35® cutting fluid is real organic wastewaters that are used in metalworking industries 
to lubricate, refrigerate and evacuate the filings. In Biocut SCWO, the evolution of COD with respect to 
time was found to follow a first step of fast elimination where most of the organics are oxidized and large 
molecules were decomposed into intermediate products. Then a second step where the rest of compounds 
are slowly oxidized, so a two-step first-order process it was proposed for this wastewater [8]. Therefore, 
higher residence times are also needed to obtain the same percentage of COD or TOC removal compared 
with others organics. 
In this study, experiments were performed in a multi-injection system with splitting where the same 
amount of oxidant feed over two points, the first point is at inlet of the reactor and the second injection is 
studied at three different positions along the reactor (3, 6 or 9 meters from the entrance point of the reactor 
respectively). The aim of this work is to find the best location for the second injection of oxidant in the 
reactor and the optimum split-ratio which oxidant must be provided in each point to obtain an 
improvement in SCWO of these organics which are difficult to treatment and produce the maximum 
organic conversion.  
2. Experimental 
2.1. Equipment 
A set of multi-oxidant SCWO experiments were carried out at the laboratory scale in a continuous 
flow reactor located in the Supercritical Fluids Laboratory at the University of Birmingham. A schematic 
diagram of this equipment is shown in Figure 1. The main equipment is a 3.07 mL plug flow reactor made 
of 1/16" SS316 pipes (12 m length and 0.6 mm ID). The oxidant feed streams were prepared by 
dissolving hydrogen peroxide in deionized water in a feed tank. Another feed tank was loaded with an 
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aqueous solution of the organic compound. The oxidant feed was pumped in two different lines that 
entered at different positions of the reactor; the first line was at the reactor entrance and the second one 
could enter at 3, 6 or 9 meters from the entrance point of the reactor, depending on the experiment. The 
aqueous solutions were pressurized in three different lines by three high pressure HPLC pumps and then 
separately preheated in 6 m of 1/16" coils, before being introduced in the reactor. The preheating coils 
and reactor were situated in an oven in which the temperature was monitored by thermocouples. The 
reactor exit was cooled in a cooler, depressurized with a back pressure regulator before the two phases 
were separated in a gas/liquid separator. 
 
 
Fig. 1. Schematic diagram of the laboratory scale SCWO continuous flow system at the University of Birmingham. (2), (3) and (4) 
are the different positions of the second oxidant injection. 
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2.2. Material and methods 
Biocut 35® (Houghton Ibérica S.A.) is the commercial name of the semi-synthetic cutting oil that is 
normally diluted between 2 and 10% v/v with deionized water to obtain the cutting fluid. This cutting 
fluid was widely studied in this research group [9-12]. This cutting oil has a ‘mass chemical oxygen 
demand’ of 2.264 ± 0.041 (g O2/g cutting oil). The C, H, N and S contents were determined by elemental 
analysis (wt. % dry basis). The values obtained are shown in Table 1. Based on these results, and 
neglecting the small contribution of N and S and assuming that the remainder is oxygen, the molecular 
formula of the cutting oil can be represented as C6H17O. This molecular formula was used to simulate 
the reaction heat and the stoichiometry of the reaction. 
N,N-Dimethylformamide (Sigma-Aldrich, 99% pure) was used as a model compound for nitrogen 
containing hydrocarbons and hydrogen peroxide (Sigma-Aldrich, 35wt-% aqueous solution) was used as 
a source of oxygen. Diluted feed solutions of the required concentration were made using deionizated 
water. 
Gas samples were analyzed using a 6890N gas chromatograph with a Thermal Conductivity Detector 
(TCD). A column Alltech CTR 1- 6"x1/4" outer and 6"x1/8" inner SS. The COD measurements were 
obtained according to the dichromate standard method [13]. Total organic carbon (TOC) content using a 
TOC analyzer Shimadzu 5050A. and nitrogen compounds in the liquid samples were analyzed using 
individual tests method via the spectroquant NOVA 60 (Merck Limited).  
Table 1. Elemental analysis of the cutting oil (Biocut 35®) 









3. Result and discussion 
The results from multi-oxidant experiments were compared with those obtained in the single entry 
experiments. All experiments were carried out at 250 bar, an oxygen coefficient n = 1, that is, the quantity 
of initial oxygen corresponds to the stoichiometric amount needed to completely oxidize all initial organic 
matter. In the case of DMF, experiments were performed at 400 ºC and 10mM of initial concentration. 
However, Biocut 35 was studied at 450 ºC and 1 g O2/L of initial concentration, because Biocut 35® is 
more difficult to oxidize and it is necessary a higher temperature. Each experiment was carried out at five 
different residence time (2, 4, 6, 8 and 10 seconds). Table 2 displays the percentages provided of total 
oxidant at each injection point for the tubular reactor. 
Table 2. Percentage of total oxidant at each injection point 
Experiments 1 2 3 4 5 
1st injection 75% 67% 50% 33% 25% 
2nd injection 25% 33% 50% 67% 75% 
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Experiments have been carried out with three different configurations of reactor, i.e., the first injection 
at the reactor inlet and the second injection of oxidant at 3, 6 or 9 meters from the entrance point of the 
reactor respectively. Results are presented in terms of DMF and TOC removal (%) and the composition of 
total nitrogen (TN), NH4+ and NO2-. Whereas, COD removal data are only presented in the case of 
Biocut. Figure 2 shows the removal efficiency of TOC and DMF as function of residence time with every 
configuration, in addition to a configuration where 100% of oxidant is supplied at inlet of reactor. As 
expected, TOC and DMF removal increased with residence time increase in all experiments. The highest 
TOC and DMF removals were obtained when 75% of oxidant is supplied at the reactor inlet. A 
comparison between these results with conventional configuration (100% of oxidant at inlet of reactor) 
shows an improvement from this conventional configuration in all cases. Furthermore, a comparison 
among total nitrogen, NH4+ and NO2- composition obtained in each configuration with a residence time of 
6 seconds and 75 % of oxidant in the second injection is represented in Figure 3. As can be seen, the best 
position to supply the second injection of oxidant is at 6 meters from the initial of reactor as lower 
amounts of nitrogen compounds are obtained in the effluent. Therefore, an improvement of oxidation 
process is reached with split oxidant in two injections along the reactor.  
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Fig. 2. TOC removal (left graphics) and DMF removal (right graphics) as a function of residence time for the multi-oxidant 
injection experiments carried out with the second injection located at 3 meters (graphics at the top), 6 meters (in the middle) and 9 
meters (graphics at the bottom). Data from conventional configuration (100% oxidant at inlet of reactor) are introduced in every 
graphics. 
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Fig. 3. Total nitrogen, NH4+ and NO2- in the effluent as a function of meters of reactor where the second injection is supplied for the 
multi-oxidant injection experiments carried out with 75 % of oxidant in the second injection and 6 seconds of residence time. 
In the study of Biocut SCWO, the best results were obtained in experiments carried out with the 
second injection located 3 meters from the beginning of the reactor, which are presented in Figure 4.  As 
can be seen, multi-oxidant experiments showed better results in terms of COD removal than single entry 
experiments. In this case, a split ratio of 67-33% gave the best results among split ratios studied. 
Although, in general, COD removal obtained are low as Biocut is a wastewater very difficult to eliminate.  
 
 
Fig. 4. COD removal as a function of residence time for the multi-oxidant injection experiments carried out with the second 
injection located at 3 meters. 
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4. Conclusions 
A SCWO system with multi-injection of oxidant has been tested on a laboratory scale continuous-flow 
reactor. Experiments were performed with splitting the same amount of oxidant feed over two points, the 
first point is at inlet of reactor and the second injection was studied at three different positions along the 
reactor (3, 6 or 9 meters from inlet of the reactor respectively). DMF and Biocut 35 were studied in this 
system as difficult organics to oxidize. The best location for the second injection of oxidant in the reactor 
was at 6 meters and the optimum split-ratio was 75% of oxidant at the reactor inlet. With that 
configuration an improvement in SCWO of DMF was obtained since produce the maximum organic 
conversion and minimum nitrogen compounds. In the case of Biocut SCWO, 67% of oxidant at inlet of 
reactor and the second injection at 3 m from the entrance is the best configuration among those studied. In 
terms of COD removal, multi-oxidant experiments showed better results than single entry experiments. 
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